Abstract
In the leaves of a range of plants including maize, sorghum, sugarcane and millet, a biochemical 2 4 pathway known as C 4 photosynthesis has evolved to concentrate CO 2 at the site of Rubisco such 2 5 that Rubisco can operate at close to its maximal activity and photorespiration is reduced, 2 6 enhancing the rate of photosynthesis in air (Hatch, 1987; Sage, 2004) . In most C 4 plants, CO 2 is 2 7 fixed by PEP carboxylase (PEPC) in the mesophyll cells into 4-carbon acids which diffuse to an 2 8 inner ring of bundle sheath cells where they are decarboxylated and the CO 2 refixed by Rubisco. 2 9 Plants using the C 4 photosynthetic mechanism have been subdivided into 3 primary sub-types, the 3 0 NADP-ME, NAD-ME and PCK types, according to the decarboxylating enzyme used to generate 3 1 CO 2 from C 4 acids in the bundle sheath cells (Hatch 1987; Furbank 2011) . Flaveria bidentis is a 3 2 typical NADP-ME dicot in which malate and aspartate contribute equally in the transfer of CO 2 to 3 3 bundle sheath cells (Meister et al., 1996) . Presumably in most C 4 plants, the reactions that 3 4 facilitate the appropriation, transformation, transport and eventual concentration of CO 2 in the 3 5 bundle sheath cell chloroplasts (C 4 cycle) are balanced with the reactions that incorporate CO 2 into 3 6 usable carbon compounds for energy (C 3 /Calvin cycle) such that energy is not lost or wasted as 3 7 environmental conditions fluctuate. This process is important in maintaining the efficiency of the 3 8 CO 2 concentrating mechanism and of C 4 photosynthesis overall. The nature of the controlling 3 9 mechanisms for balance and coordination between the C 3 and C 4 cycles are still unclear however 4 0 and concrete evidence for the co-ordinated regulation of primary carboxylation in the mesophyll 4 1 and decarboxylation of C 4 acids in the bundle sheath has not been forthcoming. A key approach to 4 2 revealing these mechanisms has been the use of antisense RNA in the C 4 dicot Flaveria bidentis to 4 3 reduce levels of key photosynthetic enzymes including Rubisco (Furbank et al., 1996) , NADP-4 4 Malate dehydrogenase and Pyruvate phosphate dikinase (Furbank et al., 1997) , Rubisco activase 4 5 (von Caemmerer et al., 2005) , Carbonic anhydrase (Cousins et al., 2006) and 4 6 Phosphoenolpyruvate carboxylase protein kinase (Furumoto et al., 2007) . This has proven to be a 4 7 valuable method to help gain insight into enzyme function and regulation during C 4 4 8 photosynthesis, and potentially alter the balance between the C 3 and C 4 cycles. 4 9
In this study we targeted the gene encoding the chloroplastic C 4 isozyme of NADP-Malic enzyme 5 0 (NADP-ME) in F. bidentis (Marshall et al., 1996) with an antisense construct designed to reduce 5 1 its activity in vivo. This isoform is thought to catalyse the decarboxylation of L-malate to pyruvate 5 2 and CO 2 , and NADP to NADPH in bundle sheath chloroplasts during C 4 photosynthesis (Ashton, 5 3 1997; Drincovich et al., 2001 ) allowing the CO 2 to be fixed into the C 3 cycle by Rubisco and 5 4 pyruvate to return back to mesophyll cells to be recycled into PEP. These antisense lines were 5 5 generated for two purposes. First, these plants could be used to confirm the identity of the gene 5 6 1 0 4 Relationship of CO 2 assimilation rate, Rubisco and PEPC activity and leaf nitrogen content to 1 0 5 NADP-ME activity. 1 0 6
The in vitro activity of NADP-ME, Rubisco and PEPC was measured in all 24 plants 1 0 7 spectrophotometrically (Fig. 1) . NADP-ME activity in wild-type plants (n=6) varied from 57 to 80 1 0 8 µmol m -2 s -1 (average of 72 ± 3) whereas variation within the mutants (n=18) was from 25 to 75 1 0 9 µmol m -2 s -1
. Gas exchange of all greenhouse grown plants was conducted in situ over a period of 1 1 0 three days during which the CO 2 assimilation rate of each plant was measured 3 times. The CO 2 1 1 1 assimilation rate was significantly reduced in mutant plants with less than 30 µmol m -2 s -1 NADP-1 1 2 ME activity (Fig. 1A) , yet above this level, little impact on CO 2 assimilation rate was observed. 1 1 3 Activity of PEPC and Rubisco in relation to NADP-ME activity showed a slight negative 1 1 4 correlation for both enzymes (Fig. 1B, C ) while no change in the PEPC/ Rubisco was observed 1 1 5 (Supp. Fig. 2A ). A slight negative correlation was also observed between leaf nitrogen (N) and 1 1 6 NADP-ME activity indicating an increase in N per leaf area in plants with less NADP-ME activity 1 1 7 (Fig. 1E) . The average total leaf nitrogen for wild type plants (n=6) was 112.3 ± 5.3 mmol m -2 . 1 1 8 This differed from the average total leaf nitrogen for NADP-ME plants (with less than 30 µmol m -2 s -1 NADP-ME activity, n=4) at 146.6 ± 2.6 mmol m -2 (p=< 0.001). No significant differences 1 2 0 were observed in either chlorophyll content or the chlorophyll a/b ratio between mutants and wild-1 2 1 type plants (Supp. Fig. 2B , C). 1 2 2 1 2 3 CO 2 response of CO 2 assimilation rate 1 2 4 Fig. 2A and B show the response of the CO 2 assimilation rate to increasing intercellular CO 2 1 2 5 partial pressure (C i ) in 4 wild-type and 8 α-NADP-ME mutant plants. The mutant population 1 2 6 included 4 plants that exhibited the most significant reduction in the initial NADP-ME activity 1 2 7 screening relative to the wild-type (activities between 34% and 40% of WT). The steep initial rise 1 2 8 in CO 2 assimilation rate from 10-60 μbar C i characteristic of C 4 plants did not differ between wild-1 2 9 type and mutants ( Fig. 2B ) yet assimilation rate at high C i was significantly reduced in the α-1 3 0 NADP-ME plants with NADP-ME activity below 40% of the wild-type level ( Fig. 2A ). 1 3 1 1 3 2 Concurrent gas exchange and carbon isotope discrimination 1 3 3 Carbon isotope composition measured on dried leaf discs (δ 13 C, relative to the standard V-Pee Dee 1 3 4 Belemnite) taken from glass house grown wild-type and α-NADP-ME plants showed no 1 3 5 significant differences (Fig. 1D ). Online measurements of carbon isotope discrimination (Δ) 1 3 6 measured concurrently with gas exchange were performed on three individual wild-type and three 1 3 7 α-NADP-ME plants with low (under 30 µmol CO 2 m -2 s -1 ) NADP-ME activity over a range of 1 3 8 both increasing C i (Fig. 3 ) and irradiance (Fig. 4) . Stomatal conductance remained similar 1 3 9 between wild-type and mutants (Fig. 3B, 4B ) yet as assimilation rates were lower in the α-NADP-1 4 0 ME plants (Fig. 3A, 4A ), C i /C a was greater in mutants than in wild-type plants (Fig. 3C, 4C ). 1 4 1 Online measurements indicated that Δ was significantly lower in α-NADP-ME plants (Fig. 3D , 1 4 2 4D) and leakiness (φ) was also calculated to be less than in wild-type plants (Fig. 3E, 4E ). 1 4 3 When plotted against C i /C a (Fig. 5A) , ∆ measurements for wild-type and α-NADP-ME plants 1 4 4 spread discretely along theoretical lines estimating the relationship between ∆ and C i /C a using the 1 4 5 C 4 model by (Farquhar, 1983 ) -a φ of 0.25 and 0.184 used respectively, and assuming saturating 1 4 6 amounts of carbonic anhydrase such that the reversible conversion of CO 2 and HCO 3 -is at isotopic 1 4 7 equilibrium (Cousins et al., 2006) . Identical measurements made for comparison on 3 transgenic 1 4 8 α-SSu F. bidentis plants (Supp. Fig. 3 ) showed increased leakiness compared to wild-type plants 1 4 9 (φ ~ 0.34) and also plotted alongside the equivalent C 4 model line (Fig. 5A ). The surface area of mesophyll cells exposed to intercellular airspace (S m ) and the bundle sheath 1 5 5 cell surface area (S b ) were measured in embedded leaf sections of wild-type and α-NADP-ME 1 5 6 (Supp. Fig. 4 , 1996; Marshall et al., 1997; Drincovich et al., 1998) . The data shown here support this role, 1 9 2 linking the specific decline of NADP-ME activity (less than 30 µmol CO 2 m -2 s -1 ) in F. bidentis 1 9 3 leaves to a measurable decrease in photosynthetic CO 2 assimilation rate at saturating C i . 1 9 4 This effect on CO 2 assimilation rate is similar to that observed in F. bidentis plants with reduced 1 9 5 Rubisco small subunit levels (Furbank et al., 1996; von Caemmerer et al., 1997) . As predicted in 1 9 6 the C 4 model, the CO 2 saturated portion of an A/Ci curve in C 4 plants at high irradiance is 1 9 7 naturally limited by either PEP or RuBP regeneration or by maximum Rubisco activity (Berry and  1  9 8 Farquhar, 1978; von Caemmerer and Furbank, 1999) . As Rubisco activity in vitro was not 1 9 9 reduced in α-NADP-ME plants (Fig. 1C ), the reduction in CO 2 assimilation rate at high CO 2 in the 2 0 0 α-NADP-ME plants is most likely due to reduced C 4 cycle regeneration rate rather than a Rubisco 2 0 1 limitation. The similarity of maximum CO 2 assimilation rates in wild-type and antisense plants 2 0 2 exhibiting greater than 30 µmol CO 2 m -2 s -1 NADP-ME activity suggests that in wild-type leaves 2 0 3 the C 4 NADP-ME is either present in excess or is regulated to limit its activation, as observed with 2 0 4 other C 4 enzymes. In α-SSu lines, both Rubisco content and maximal activity was shown to 2 0 5 correlate linearly with CO 2 assimilation rates under saturating illumination (Furbank et al., 1996 1997) yet here we observed the opposite in antisense NADP-ME plants. One possibility for these 2 2 3 observations is that the decline in the amount of NADP-ME has altered the amount of nitrogen 2 2 4 available for enzyme production causing general increases in Rubisco and PEPC protein 2 2 5 expression. However the increase in PEPC and Rubisco activity was matched by an increase in 2 2 6 leaf N in this study (Fig. 1E .) with plants exhibiting the most significant reductions in NADP-ME 2 2 7 activity (less than 40% of wild-type, n=4) showing on average 30% more leaf nitrogen than wild-2 2 8 type (n=6). In C 4 plants, Rubisco has been estimated to account for between 5-15% of total leaf 2 2 9 nitrogen, PEPC 2-6%, and NADP-ME ~1-1.5% (Sage et al., 1987 ; Evans and von Caemmerer, 2 3 0 2000; Makino et al., 2003; Ghannoum et al., 2005) . From the in vitro activity (Fig. 1B. ) of 2 3 1 Rubisco (assuming Rubisco is 16% N by mass, a MW of 550,000 g mol -1 for the holo-enzyme 2 3 2 (Ghannoum et al., 2005)) and the total N per leaf area (Fig. 1E) we estimate that 15.7 ± 0.9% and 2 3 3 14.8 ± 0.8% of the total leaf N present in these plants can be attributed to Rubisco in wild type 2 3 4 plants (n=6) and low NADP-ME mutants (less than 40% of wild-type, n=4) respectively. These 2 3 5 estimates indicate the increase in total leaf nitrogen has been mirrored by a proportional increase 2 3 6 in Rubisco. The substantially lower proportion of nitrogen estimated for NADP-ME (Evans and 2 3 7 von Caemmerer, 2000) would indicate that its reduction alone in antisense plants would not 2 3 8 account directly for the increase in leaf N observed. It is possible though that its reduction may 2 3 9 have an indirect effect, possibly altering common transcription factors, metabolites or other 2 4 0 regulators of activity/expression for PEPC and Rubisco. A more detailed study of photosynthetic 2 4 1 metabolite levels would be required to examine changes in photosynthetic flux but even this 2 4 2 approach would be hampered by the complexities of the anatomical separation of photosynthetic 2 4 3 processes within C 4 leaves. Antisense reduction of NADP-ME alters C 3 -C 4 cycle coordination 2 4 6 While the mechanisms and extent of the communication between the C 3 and C 4 photosynthetic 2 4 7 cycles are not well understood, there are logical reasons (reducing energy loss, maximising energy 2 4 8 gain) and experimental evidence for both coordination and balance between the two sets of 2 4 9 reactions. Some early evidence for C 3 -C 4 cycle interaction includes metabolite measurements 2 5 0 made in Zea mays (maize) (Leegood and Furbank, 1984, 1984) and Amaranthus edulis (Leegood 2 5 1 and von Caemmerer, 1988) showing concurrent changes of C 3 and C 4 metabolites levels in 2 5 2 response to differing CO 2 concentrations and irradiances. Additional evidence is found in the 2 5 3 regulation of the C 4 enzyme PEPC activity in maize by the in vivo concentrations of its substrate 2 5 4 PEP and the C 4 acid malate (Doncaster and Leegood, 1987) , suggestive of a mechanism by which 2 5 5 PEPC activity might be balanced with that of other C 3 and C 4 enzymes. 2 5 6 2 5 7 Here, carbon isotope discrimination (Δ) has been used to estimate leakiness (φ) to gain a measure 2 5 8 of coordination and balance between C 3 and C 4 cycles. From the C 4 carbon isotope model it is 2 5 9 clear that Δ is strongly influenced by both the ratio of intercellular to ambient CO 2 (C i /C a ) and φ 2 6 0 (Farquhar, 1983), mostly due to the compartmentalization of Rubisco in the bundle sheath 2 6 1 reducing its opportunity to discriminate. We measured both the stored dry matter (δ 13 C) and the 2 6 2 real time carbon isotope discrimination (Δ) in leaves for leakiness estimations. Dry matter 2 6 3 measurement of discrimination did not show a difference between wild-type and mutant 2 6 4 populations. As discussed previously (Pengelly et al., 2011) this likely reflects the integrated 2 6 5 nature of this measurement which includes post-photosynthetic fractionation rather than just 2 6 6 photosynthetic discrimination. 2 6 7 Using real-time Δ measurements we clearly show that plants with reduced NADP-ME (less than 2 6 8 40 % of wild type) showed less 13 C discrimination and infer reduced leakiness relative to wild type 2 6 9 plants over increasing irradiance and C i (Fig. 3, 4) . We used the simplified equations presented in 2 7 0 the Methods which make the assumption that C s >> C i (for discussion see Ubierna et al., 2011) . If 2 7 1 this were not the case we would have overestimated leakiness slightly in the α-NADP-ME plants 2 7 2 relative to the wild type. 2 7 3 2 7 4 Measurements of leakiness in C 4 plants have been shown to be remarkably constant over a range 2 7 5 of irradiances, temperatures and intercellular CO 2 concentrations (Henderson et al., 1992) . This 2 7 6 has been taken as evidence that some level of regulation of the C 3 and C 4 cycles occurs. Our 2 7 7 estimations of leakiness (Fig. 3, 4 and Supp. Fig. 3 ) support these earlier results showing leakiness 2 7 8 within the plant is generally maintained at a relatively constant level. The exception to this, as 2 7 9 1 1 observed previously (Pengelly et al., 2010) , is the apparent increased leakiness at low irradiance, (Fig. 5a , Supp. Fig. 3 ). Reduction in 2 8 7 Rubisco resulted in an increased leakiness (φ) relative to wild-type. We have used φ inferred from 2 8 8 Δ measurements from both α-NADP-ME and α-SSu plants together with the concurrent 2 8 9 measurements of CO 2 assimilation rates to calculate estimates of the rate of the C 4 cycle and the 2 9 0 bundle sheath leak rate (Fig. 6 ). In the α-NADP-ME plants with the lowest CO 2 assimilation rates 2 9 1 both the rate of the C 4 cycle and the bundle sheath leak rate have been reduced, whereas in the α-2 9 2 SSu plants although φ was increased, the bundle sheath leak rate was similar to wild type 2 9 3 accompanied by a reduction in the C 4 cycle rate despite very similar in vitro PEPC activities 2 9 4 (legend to Supp. Fig. 3 ). This suggests some feedback from the C 3 to the C 4 cycle. The 2 9 5 comparison of the performance of α -NADP-ME and α -SSu plants examined here suggests that the 2 9 6 coordination of the C 3 and C 4 cycles that is apparent during environmental perturbations by light 2 9 7 and CO 2 can be disrupted through transgenic manipulations. 2 9 8
In effect, the reduction of the decarboxylating action of NADP-ME within the bundle sheath 2 9 9 chloroplasts of the antisense plants created here has reduced the C 4 cycle rate and bundle sheath 3 0 0 leak rate has also decreased (Fig. 6.) . cDNA was synthesized using 3 3 1 the Superscript III First-Strand Synthesis kit (Invitrogen) from 1 μg total RNA using the reverse 3 3 2 specific primer NADPME-R2 (5'-ATGGGTGGATCCGTACTTTTCAAG-3'). NADPME-R2 3 3 3 and NADPME-F2 (5'-TTGGAGCTCTTGGTGGTGGTGTTG-3'), primers designed based on the 3 3 4 chloroplastic C 4 isoform of the NADP-malic enzyme (NADP-ME) open reading frame ME1 from 3 3 5 Flaveria trinervia and Flaveria bidentis (Genbank accession numbers: X57142) and AY863144). 3 3 6 These primers were used to amplify, via PCR, an 845 bp fragment from the F. bidentis cDNA 3 3 7 library and introduce BamHI and SacI restriction enzyme sites at the ends of the section. This 3 3 8 PCR fragment was ligated into the pGEMT-Easy vector (Invitrogen), sequenced to confirm 3 3 9 identity and designated ME1. The fragment was then digested out and inserted in the antisense 3 4 0 orientation into the BamHI/SacI digested pBI121 binary vector under the control of a 35S 3 4 1 cauliflower mosaic virus promoter and named pANME2. pANME2 was subsequently 3 4 2 transformed into Agrobacterium tumefaciens strain AgL1 and maintained in selective culture. The activity of photosynthetic enzymes was measured in vitro on leaf extracts from frozen leaf 3 6 0 discs sampled directly after gas exchange. Rubisco and phosphoenolpyruvate carboxylase (PEPC) including boundary layer and stomatal conductance (von Caemmerer and Farquhar, 1981) . The 3 9 7 symbol a' denotes the combined fractionation factor through the leaf boundary layer and through where b 3 is the fractionation by Rubisco (30‰), b 4 is the combined fractionation of the conversion 4 0 8 of CO 2 to HCO 3 -and PEP carboxylation (-5.74‰ at 25°C). The fractionation factor e associated 4 0 9 with respiration was calculated from the difference between δ 13 C in the CO 2 cylinder (-2.5 to-4 1 0 4.5‰) used during experiments and that in the atmosphere under growth conditions (-8‰) ( Tazoe  4  1  1 et al., 2009) . A and R d denote the CO 2 assimilation rate and day respiration respectively, R d was 4 1 2 assumed to equal dark respiration. Equation (1) can be rearranged to calculate leakiness φ and
In equation (1) We used the values of leakiness calculated from carbon isotope discrimination measurements Leaf cross sections were cut, visualised and the mesophyll surface area exposed to 4 3 9 intercellular airspace/leaf area (S m ) and the bundle sheath surface area /leaf area (S b ) measured as 4 4 0 described previously (Pengelly et al., 2010) . Measurements were averaged from data from 20 4 4 1 sections from 4 different wild-type and α-NADP-ME plants. 
Fig. 2.
Gas exchange of wild-type (n=4) and α-NADP-ME (n=8) Flaveria bidentis plants. CO 2 assimilation rates are given over a complete (A) and low (B) range of intercellular CO 2 (C i ) partial pressures. Lines depicted are 4 wild-plants ( ), four α-NADP-ME plants with NADP-ME activity from 55-95% of wild type ( ) and four α-NADP-ME plants with NADP-ME activity below 40% of wild type ( ). Error bars show 3 technical replicates of individual plants.
Measurements were made in the glasshouse at 1500 µmol quanta m -2 s -1 and a leaf temperature of 25° C. Measurements were made as described in Fig. 3 . B: Leakiness (φ) of wild-type ( , ), α-NADP-ME ( ) and α-SSu ( ) as a function of intercellular CO 2 (C i ). Measurements made as described in Fig. 3 . A: Western blot of NADP-ME content in wild-type and α-NADP-ME F. bidentis lines. Protein samples were extracted from frozen leaf disks and separated using SDS-PAGE. NADP-ME protein was detected using a maize-specific antibody (courtesy of B. Furbank, CSIRO Plant Industry, Canberra, Australia). Labels represent individual WT and NADP-ME plant lines.
B: NADP-ME in vitro activity as a function of NADP-ME content as measured by western blotting of wild-type ( ) and α-NADP-ME ( ) F. bidentis plants. A linear correlation was fitted 
Gas exchange of wild-type (n=4) and α-NADP-ME (n=8) Flaveria bidentis plants.
CO 2 assimilation rates are given over a complete (A) and low (B) range of intercellular CO 2 (C i ) partial pressures. Lines depicted are 4 wild-plants ( ), four α-NADP-ME plants with NADP-ME activity from 55-95% of wild type (▲) and four α-NADP-ME plants with NADP-ME activity below 40% of wild type ( ). Error bars show 3 technical replicates of individual plants. Measurements were made in the glasshouse at 1500 µmol quanta m -2 s -1 and a leaf temperature of 25° C.
Fig. 7.
Estimated bundle sheath CO 2 (C s ) as a function of intercellular CO 2 (C i ) (A), irradiance (B), and bundle sheath resistance. Symbols represent estimated bundle sheath CO 2 levels at the bundle sheath resistance assumed in this study for leakiness measurements (~333 m 2 s bar mol -1 ).
